This is an open access article published under a Creative Commons Attribution (CC-BY)
License, which permits unrestricted use, distribution and reproduction in any medium,

provided the author and source are cited.
ACS
m N

pubs.acs.org/cm

Modeling of Gas Transport through Polymer/MOF Interfaces: A
Microsecond-Scale Concentration Gradient-Driven Molecular
Dynamics Study

Aydin Ozcan, Rocio Semino, Guillaume Maurin, and A. Ozgur Yazaydin*

Cite This: Chem. Mater. 2020, 32, 1288—1296 I: I Read Online

ACCESS | [l Metrics & More | Article Recommendations ‘ @ Supporting Information

ABSTRACT: Membrane-based separation technologies offer a
cost-effective alternative to many energy-intensive gas separation
processes, such as distillation. Mixed matrix membranes (MMM:s)
composed of polymers and metal—organic frameworks (MOFs)
have attracted a great deal of attention for being promising systems
to manufacture durable and highly selective membranes with high
gas fluxes and high selectivities. Therefore, understanding gas
transport through these MMM s is of significant importance. There
has been longstanding speculation that the gas diffusion behavior at
the interface formed between the polymer matrix and MOF particles would strongly affect the global performance of the MMMs due
to the potential presence of nonselective voids or other defects. To shed more light on this paradigm, we have performed
microsecond long concentration gradient-driven molecular dynamics (CGD-MD) simulations that deliver an unprecedented
microscopic picture of the transport of H, and CH, as single components and as a mixture in all regions of the PIM-1/ZIF-8
membrane, including the polymer/MOF interface. The fluxes of the permeating gases are computed and the impact of the polymer/
MOF interface on the H,/CH, permselectivity of the composite membrane is clearly revealed. Specifically, we show that the poor
compatibility between PIM-1 and ZIF-8, which manifests itself by the presence of nonselective void spaces at their interface, results
in a decrease of the H,/CH, permselectivity for the corresponding composite membrane as compared to the performances simulated
for PIM-1 and ZIF-8 individually. We demonstrate that CGD-MD simulations based on an accurate atomistic description of the
polymer/MOF composite is a powerful tool for characterization and understanding of gas transport and separation mechanisms in
MMMs.

PIM-1/ZIF-8

1. INTRODUCTION branes dominate the majority of current membrane-based
applications, they are bound by this permeability—selectivity
trade-off. Combining polymers and metal—organic frameworks
(MOFs) in the form of a mixed matrix membrane (MMM) has
been proposed as an alternative strategy, and this has shown
significant promise.'”~>” This approach aims to take advantage
of both the good processability of polymers and the excellent
separation performances of crystalline porous MOFs. On the
other hand, gas transport dynamics at the polymer/MOF
interface is expected to play a determining role in the
performance of the composite membrane and understanding
the effects of polymer/MOF compatibility on gas separation is
not a trivial task.”* Molecular simulations can be used to

Membrane technology plays an important role in today’s
industrial gas separation processes and has paramount
economic importance.'~* The efficiency of membrane-based
separation technologies reduces the cost and environmental
footprint of many industrial processes.” The annual size of the
membrane-based gas separations market, which was in the
range of US$1—1.5 billion in 2017, is a concrete example of
their impact.” Some examples of major membrane-based gas
separation processes include hydrogen recovery from various
off-gas streams, on-site nitrogen separation from air, natural gas
sweetening, and olefin recovery from nitrogen-containing
petrochemical vent gas streams.” In addition to the gas

separation market, membrane-based applications in water quantify and characterize such interface effects in polymer/

desalination, organic solvent nanofiltration and waste water MOF composites provided that (i) accurate methods for the

treatment are also attracting a great deal of attention.® computation of the flux of permeants are employed and (ii)
There has been substantial progress in the development of

membranes for gas separations over the past 2 <iecades;9_16 Received: November 27, 2019

however, there are still a number of long-standing problems. Revised:  January 7, 2020

The main challenge is to overcome the trade-off between Published: January 7, 2020

permeability and selectivity, which has been illustrated by
Robeson’s upper bound.'”'® Even though polymeric mem-
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Figure 1. Illustration of the (a) ZIF-8 membrane, (b) PIM-1 membrane, and (c) composite PIM-1/ZIF-8 membrane structural models used in the
CGD—MD simulations. Color code: C (gray), O (red), N (blue), Zn (steel blue), and H (white).

realistic atomistic models of the polymer/MOF interface are
constructed.

The earliest molecular simulation study of gas separation in
a polymer/MOF MMM was reported by Zhang et al.”> on H,/
CO, in polybenzimidazole (PBI)/ZIF-7 MMMs using
equilibrium molecular dynamics simulations. Velioglu et al.*®
and Altintas et al.”’ recently reported the separations of H,/
CH, and CO,/CH, mixtures in polymer/MOF MMMs by
carrying out screening calculations based on molecular
simulations. However, these computational studies predicted
the separation performance of the polymer/MOF composites
based on the individual constituents of the MMMs by
assuming ideal polymer/MOF compatibility and did not
consider the impact of the interface on the transport
properties. Furthermore, there are macroscopic models of
permeation widely used to predict the permeability of MMMs
based on the permeability data available for their constituent
materials. Their applicability and limitations are discussed
elaborately in a comprehensive review by Vinh-Thang et al.”®
These models are usually based on analogies with continuum
models that define the thermal or electrical conduction in a
heterogeneous medium, such as the so-called serial resistance
model, but they usually do not take into account the interface
effects.

Accurate atomistic polymer/MOF interface models have
been developed by Semino et al.”” and first applied to the PIM-
1/ZIF-8 MMM to investigate the surface compatibility (i.e.,
the affinity) between the polymer and the MOF. These models
have also been successfully applied to other polymer/MOF
pairs, such as poly(vinyl alcohol)/HKUST-1*" and 6-FDA-
DAM/UiO-66 MMMs.”' Further, these models were consid-
ered in an investigation of the transient concentration of CO,
in 6-FDA-DAM/ZIF-8 MMMs®* by molecular modeling and
IR microimaging. Despite these efforts to understand the
molecular basis of polymer/MOF compatibility, no correlation
has yet been found between compatibility and the performance
of these composites for different applications. Even though the
presence of microscopic sized voids at the interface has been
clearly related to the formation of brittle membranes (i.e.,
nonoptimal mechanical properties),” the speculation that the
presence of these voids might lead to a reduction in selectivity
has never been confirmed. Conversely, the absence of these
voids is a signature of good polymer/MOF compatibility, but
this is not necessarily related to the good performance of the
corresponding membrane for a particular application.

To address this still open question, here we report
concentration gradient-driven molecular dynamics (CGD-
MD) simulations of H, and CH, transport through a realistic
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atomistic model of the polymer/MOF membrane with a
specific focus on gas transport properties through the interfaces
as well as along the individual components of the MMM.
CGD-MD is a nonequilibrium MD method recently developed
to study the transport and separation of fluids through
membranes.”> The advantages of employing the CGD-MD
method for the separation of gas mixtures over equilibrium
MD approaches have been recently demonstrated.”* However,
it has long been speculated that the decrease in the separation
of performances of MMMs might be related to the presence of
defects at the interface between the two components. Our
work provides a first clear confirmation at the microscopic level
that this is really the case and we can equally quantify the
negative impact of a poor compatibility at the interface.

As a proof of concept, the PIM-1/ZIF-8 composite was
considered as a model membrane for H,/CH, separation.
PIM-1 (polymer of intrinsic microporosity-1) is a member of a
group of microporous glassy polymers introduced by
McKeown et al.>® They are rigid, highly contorted
spirobisindane-based ladder polymers, and their backbones
have essentially no rotational freedom. This results in relatively
large Brunauer—Emmett—Teller (BET) areas (~800 m?/g)*°
and high permanent gas permeabilities. ZIF-8 is one the most
studied MOF material and is known to have exceptional
thermal and chemical stabilities.** ™ It has large cages of 11.6
A connected by 3.4 A pore apertures and has been applied for
various gas separation processes.‘?’g_43 Furthermore, H,/CH,
separation by membranes is part of the $200 million/year
hydrogen recovery market, which is substantially dominated by
polysulfone and polyimide membranes.” Due to the relative
difference in the size of H, and CH, molecules (kinetic
diameters of 2.8 and 3.8 A, respectively), these molecules are
expected to exhibit distinct transport properties in the different
regions of the polymer/MOF MMM, including the interfaces.
We demonstrate below that this is indeed the case in the PIM-
1/ZIF-8 membrane.

2. MODELS AND COMPUTATIONAL DETAILS

2.1. Construction of the ZIF-8, PIM-1, and Composite
PIM-1/ZIF-8 Membrane Models. The ZIF-8 membrane was
derived from a previous work.? It consists of a [011] surface,
terminated by —OH and —H groups, as per the dissociative
adsorption of water, the standard solvent considered in the
ZIF-8 synthesis, on the under-coordinated sites. This model
was optimized at the density functional theory level, and it is
periodic in the x- and y-directions. The net dipole in the z-
direction (i.e., the direction normal to the membrane) is zero.

https://dx.doi.org/10.1021/acs.chemmater.9b04907
Chem. Mater. 2020, 32, 1288—1296


https://pubs.acs.org/doi/10.1021/acs.chemmater.9b04907?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.9b04907?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.9b04907?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.9b04907?fig=fig1&ref=pdf
pubs.acs.org/cm?ref=pdf
https://dx.doi.org/10.1021/acs.chemmater.9b04907?ref=pdf

Chemistry of Materials

pubs.acs.org/cm

The dimensions of the ZIF-8 model are 5.0, 4.8, and 9.8 nm in
the x-, y-, and z-directions, respectively.

Different approaches were reported in the literature for the
generation of polymer models.”*~*® Here, the construction of
the PIM-1 membrane was performed using the in silico
polymerization approach developed by Abbott et al. as
implemented in the polymatic code,*” which was previously
employed to build different polymer models, including PIM-
1.>7*7% The length of the resulting PIM-1 membrane was
20.8 nm in the z-direction. The composite PIM-1/ZIF-8
membrane was further constructed by putting together the
models of ZIF-8 and PIM-1 in a simulation box and letting the
polymer equilibrate in the presence of the MOF. This was
achieved by a series of MD simulations, including annealing
steps and a rapid compression followed by a slow
decompression. Further details of this procedure can be
found elsewhere.”” The polymer/MOF model was further
unwrapped in the z-direction and the polymer slab was
duplicated on each side of the MOF in such a way that the
MOF was located between two polymer slabs. The resulting
MMM of 52.4 nm in the z-direction was further equilibrated
by MD simulations. The constructed three membranes (ZIE-8,
PIM-1, and composite PIM-1/ZIF-8) are illustrated in Figure
1.

2.2. Modeling of the Gas Transport. Simulations of gas
transport through the membranes were performed using
GROMACS-5.1.2 simulation package®® patched with a
modified version of the PLUMED-2 enhanced samgling
plug-in®" to enable running the CGD-MD simulations.” In
CGD-MD simulations, a concentration gradient between the
feed and the permeate sides is created, which facilitates the
transport of molecules across the membrane. The molecular
fluxes can then be directly calculated from the CGD-MD
simulations. To generate the concentration gradient across the
membrane, the density of fluid molecules within designated
volumes located at the inlet and outlet of the membrane are
taken as collective variables and maintained at a target value
with an external biasing scheme. An illustration of the CGD-
MD setup and the parameters are provided in Figure S1 and
Table S1, respectively. Further details of the method can be
found elsewhere.>** In all CGD-MD simulations, the
membranes were placed in the middle of the simulation box
and void space was added to both sides of the membranes,
resulting in simulation box lengths of 40.8 nm for the PIM-1
membrane, 29.8 nm for the ZIF-8 membrane, and 93.6 nm for
the PIM-1/ZIF-8 composite membrane in the z-direction.
Atoms within 1 nm from both ends of the membranes were
tethered to their initial z-coordinates to prevent their drifting
due to the created concentration gradient. To create the initial
configurations of gas molecules, they were randomly placed
into the void spaces on both sides of the membranes. Single-
component H, and CH, as well as H,/CH, mixture
simulations were performed. In all simulations, the concen-
tration of the gas molecules in the inlet control region (feed)
was maintained at their experimentally measured molecular
density at 5 bar and 300 K,>® which were 0.1203 and 0.1217
molecules/nm® for H, and CH,, respectively. Thus, the
considered mixture corresponds to almost an equimolar feed
composition. Outlet gas concentration was set to vacuum.
Periodic boundary conditions were applied in all directions.
Simulations were run in the NVT ensemble and the
temperature of the systems was fixed at 300 K using a
Nosé—Hoover thermostat. The thermostat coupling constant
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was set to 0.1 ps. Separate thermostats were used for fluid
molecules and individual membrane components to prevent
asymmetric thermalization in the simulation box due to hot
solute—cold solvent effect.”* ZIF-8 and PIM-1 were modeled
with all-atom and united atom flexible force fields, respectively.
Lennard—Jones (LJ) parameters and partial charges for the
ZIF-8 and PIM-1 atoms as well as details of intramolecular
force field terms can be found elsewhere.”” CH, and H, were
modeled with united atom force fields, both implementing an
uncharged single L] site, with parameters taken from Martin et
al>® and Frost et al,’® respectively. Particle Mesh Ewald
method was employed to account for long-range electrostatics
interactions. A 1.2 nm cutoff distance was used for the L] and
the real part of the Ewald sum. L] cross-term parameters for
the interactions between membrane atoms and gas molecules
were tuned to capture the magnitude of the available
experimental H,/CH, permselectivity data in literature for
the individual PIM-1 and ZIF-8 membranes (Table 1).>7%77°

Table 1. Comparison of Experimental and Simulated Ideal
H,/CH, Permselectivities in PIM-1 and ZIF-8
Membranes®”

627"
5.121:u1

8.37%
4.63%
“Superscripts refer to the references that the experimental data are
taken from. “Based on single-component CGD-MD simulations in
this work.

5.42%7
4.86"

5.25%
12.5%°

6.47%*
461

10.4°*
13.0°!

PIM-1
ZIF-8

These refined parameters given in Table S2 were also used to
study the PIM-1/ZIF-8 composite. The equations of motion
were integrated with a 1 fs time step using a Verlet scheme.
Single-component permeation simulations of H, and CH,
through the PIM-1 and ZIF-8 membranes and the PIM-1/
ZIF-8 composite membrane were run for 1 ps each. In
addition, a H,/CH, mixture separation simulation through the
PIM-1/ZIF-8 membrane was also run for 1 ps. Single-
component and mixture simulation results were reported for
the last 200 ns. We should emphasize that normally about 100
ns of simulation is sufficient to achieve a steady-state diffusion;
however, the runs were extended to the microsecond scale with
the aim of demonstrating the computational feasibility of the
CGD-MD simulations without suffering any feed depletion
issues as discussed elsewhere.”’

The flux of H, and CH, gases along the z-direction (J,) was
calculated by counting the net number of molecules that cross
an xy-plane located at the center of the membrane and dividing
it by the simulation time () and the cross-sectional area of the
membrane (Axy)

N - N/

tA,,

).

where N and N are the number of H, or CH, molecules that
cross the xy-plane in the +z-direction (i.e., feed to permeate)
and the —z-direction (i.e., permeate to feed), respectively. The
fluxes were then used to calculate gas permeabilities (Table
S3) and H,/CH, permselectivities.

Residence time probability distributions of the H, and CH,
molecules within the membranes were obtained by calculating
the time spent by individual molecules within 1 nm long bins
along the z-direction. One important clarification that needs to
be made here is that the residence time of a molecule in a bin
was determined regardless of the direction (i.., positive and

https://dx.doi.org/10.1021/acs.chemmater.9b04907
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Figure 2. Density profiles of the single-component H, and CH, along the (a) PIM-1 and (b) ZIF-8 membranes. Dashed lines correspond to the
location of membrane surfaces. Snapshots from single-component CH, and H, CGD-MD simulations are given to visually guide concentration
gradients along the PIM-1 (c and e, respectively) and ZIF-8 (d and f, respectively) membranes. Green and yellow spheres represent CH, and H,

molecules, respectively.
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Figure 3. Mean residence times of H, and CH,, along the z-direction of the (a) PIM-1 and (b) ZIF-8 membranes. Each point corresponds to a
mean residence time within a 1 nm wide bin. Dashed lines correspond to the location of membrane surfaces.

negative z-directions) it has entered and left the bin. The
residence time probability distributions were then used to
calculate the mean residence times in each bin.

3. RESULTS AND DISCUSSION

The CGD-MD approach consists of creating a concentration
gradient across the membrane that facilitates the transport of
gases. As such, it is essential that the concentrations of
molecules are maintained at their target values at the inlet and
outlet of the membrane. Figure S2 shows the concentration of
H, and CH, molecules in the inlet control and outlet control
regions of the membrane systems studied. In all systems
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simulated, the CGD-MD method succeeds in keeping the
concentration of the gases very close to the target values.
Table 1 reports the comparison between the simulated ideal
H,/CH, permselectivities in PIM-1 and ZIF-8 membranes and
the available experimental ideal permselectivities. The ideal
permselectivity is calculated by taking the ratio of single-
component permeabilities. The experimental permselectivites
for both PIM-1 and ZIF-8 vary within a broad range; however,
the simulated ideal permselectivities lie within this range and
are in good agreement with several of the reported

permselectivity data. Overall, both membranes are H, selective,

https://dx.doi.org/10.1021/acs.chemmater.9b04907
Chem. Mater. 2020, 32, 1288—1296
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Figure 4. Density profiles of (a) CH, and (b) H, along the z-direction of the composite PIM-1/ZIF-8 membrane in single-component and mixture
simulations. Dashed lines correspond to the location of membrane surfaces. Snapshots from single-component (c) CH, and (d) H, CGD-MD
simulations are given to visually guide concentration gradients along the composite PIM-1/ZIF-8 membrane. Green and yellow spheres represent

CH, and H, molecules, respectively.

since H, permeability is greater than that for CH, in both
PIM-1 and ZIF-8.

Figure 2 shows the density profiles of H, and CH, molecules
in the PIM-1 and ZIF-8 membranes along the direction of gas
flow (i.e., z-direction). The H, density values are close to each
other in both membranes, that is, H, is adsorbed in similar
amounts in PIM-1 and ZIF-8. On the other hand, CH,
adsorption is higher in PIM-1 compared to that in ZIF-8.
Furthermore, the density of CH, is higher than that of H, in
both membranes, indicating a stronger adsorption of CH,
compared to that of H, in PIM-1 and ZIF-8. As a result, while
the H, density decreases almost linearly due to the
concentration gradient, there is a sharp increase in the CH,
density at the entrance of the membranes before gradually
decreasing. The H, molecules quickly permeate through the
membranes and do not exhibit a density increase at the
entrance of the membrane compared to its density in the feed.
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Conversely, a strongly adsorbed CH, exhibits a much higher
density compared to its density in the feed.

Figure 3 shows the residence time analyses of the single-
component H, and CH, permeation along the PIM-1 and ZIF-
8 membranes. In the PIM-1 membrane, H, exhibits a relatively
flat profile, whereas in the ZIF-8 membrane, H, molecules
exhibit longer residence times, thanks to the presence of cages.
In contrast to that of H,, the residence time profile of CH, in
PIM-1 exhibits large variations due to the relatively stronger
adsorption of CH, in PIM-1. Local structural fluctuations in
the PIM-1 membrane lead to a rather inhomogeneous
residence time profile along the membrane. For instance, the
relatively high mean residence time for CH, at the z-
coordinate of around 23 nm for PIM-1 indicates the presence
of a relatively large cavity around this location, where CH,
molecules spend more time. In the ZIF-8 membrane, both H,
and CH, mean residence time profiles exhibit an up-and-down
pattern, reflecting ZIF-8’s repeated structure composed of large

https://dx.doi.org/10.1021/acs.chemmater.9b04907
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cages connected by narrow apertures; ie., mean residence
times of the molecules are longer in the cages but shorter near
the apertures. In both membranes, CH, residence times are
longer than H, residence times.

After simulating single-component H, and CH, permeations
in PIM-1 and ZIF8 membranes, we investigated their single-
component and mixture permeations in the composite PIM-1/
ZIF-8 membrane. Figure 4 compares the resulting density
profiles of H, and CH,. The H, density almost linearly
decreases along the composite membrane in both cases. The
reason for such a linearity along the entire composite structure,
despite H, permeating through different structures, is that H,
is adsorbed in similar quantities in PIM-1 and ZIF-8 (Figure
2a,b). In contrast, the CH, density decreases along the first
PIM-1 slab, then exhibits a drop at the PIM-1/ZIF-8 interface,
and continues to decrease along ZIF-8 before showing a sharp
increase at the interface between ZIF-8 and the second PIM-1
slab. The drop in CH, density after the first PIM-1 slab is a
consequence of the fact that ZIF-8 adsorbs less CH, compared
to PIM-1, and the jump after the onset of the second PIM-1
slab is because PIM-1 adsorbs more CH, compared to ZIF-8
(Figure 2a,b). There are also some quantitative differences in
the z-density profiles of H, and CH, for the single-component
and mixture simulations. It can be seen that H, density is lower
throughout the entire membrane in the mixture simulation
when compared to the single-component case. This is because
CH, molecules occupy some of the spaces that were previously
available only for the H, molecules in the single-component
simulation. On the other hand, the difference between the
density profiles of CH, for the single-component and mixture
simulations is less significant.

Table 2 compares the computed H,/CH, permselectivities
in the composite PIM-1/ZIF-8 membrane. The H,/CH,

Table 2. Comparison of H,/CH, Permselectivities in the
Composite PIM-1/ZIF-8 Membrane Obtained by Different
Methods

H,/CH,
permselectivity method used
4.61 ideal permselectivity based on single-component CGD-MD
simulations.
3.36 permselectivity from mixture CGD-MD simulation.
5.51 ideal permselectivity based on serial resistance model*®

using CGD-MD-computed H, and CH, permselectivities
in PIM-1 and ZIF-8 (Table 1).

permselectivity obtained from the CGD-MD simulation for
the mixture in the composite PIM-1/ZIF-8 membrane is lower
than the ideal H,/CH, permselectivity calculated based on
single-component permeabilities. The mixture value is deemed
more accurate because the simulation of the mixture takes into
account the interactions between the H, and CH, molecules.
As previously explained, in the mixture simulation CH,
molecules displace H, molecules in the membrane (Figure
4), and as a consequence, H, permeability decreases in the
mixture simulation while the permeability of CH, in the single-
component and mixture simulations are almost the same
(Table S2). The deviation between the ideal and mixture H,/
CH, permselectivities clearly demonstrates the importance of
taking interactions between two different gas species into
account when predicting permselectivities in membranes,
which is overlooked in the calculation of the ideal
permselectivity.
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While a discrepancy between the ideal and mixture H,/CH,
permselectivities is expected to a certain degree, the CGD-MD
simulations of the composite PIM-1/ZIF-8 membrane reveal a
much more critical issue on the effect of the polymer/MOF
interface in predicting the permselectivity of the composite
membrane. In principle, the ideal permselectivity of an MMM
is expected to lie between the permselectivities of its
constituent materials. That is, the ideal H,/CH, permselectiv-
ity of the PIM-1/ZIF-8 membrane should be between the ideal
H,/CH, permselectivities of PIM-1 and ZIF-8. One of the
macroscopic permeation models that we can conveniently use
to predict the permselectivity of the composite PIM-1/ZIF-8
membrane, based on H, and CH, permeabilities in PIM-1 and
ZIF-8 (Table S2), is the serial resistance model,”® which is
defined as

P
where P is the effective permeability of the composite for a
given gas and p; and ¢; are the individual permeability and
volume fraction of the constituents of the composite
membrane. Indeed, when the serial resistance model is
employed, the predicted ideal H,/CH, permselectivity of the
composite PIM-1/ZIF-8 membrane (Table 2) is between
those for PIM-1 and ZIF-8 (Table 1). However, the
permselectivity from the serial mode is about 20% larger
than the ideal H,/CH, permselectivity calculated based on
single-component permeabilities from the CGD-MD simu-
lations of the composite PIM-1/ZIF-8 membrane, i.e., 5.51 vs
4.61, respectively. This difference can be attributed to the
nonselective microvoids that exist at the PIM-1/ZIF-8
interfaces, resulting in interfacial resistances. In this case, the
interfacial resistance between PIM-1 and ZIF-8 is relatively
significant, such that the CGD-MD-computed ideal H,/CH,
permselectivity of the composite PIM-1/ZIF-8 membrane is
even lower than that obtained for ZIF-8 (Table 1). While the
CGD-MD simulations can directly include the effect of such
interfacial resistances in predicting the permselectivity of a
composite material for a given gas separation, the serial
resistance model does not take such effects into account.

4. CONCLUSIONS

In this study, we report microsecond-long CGD-MD
simulations of H, and CH, transport in PIM-1 and ZIF-8
membranes as well as their permselectivity in the composite
PIM-1/ZIF-8 membrane. The CGD-MD method allowed us
to map the density and mean residence time profiles of the H,
and CH, gases along the membranes while these two gases
difftuse under a concentration gradient. Furthermore, we
directly computed the flux of the permeating gases through
the membranes from the CGD-MD simulations and evidenced
the effect of the interfaces on the H,/CH, permselectivity in
the composite PIM-1/ZIF-8 membrane. We found that the
presence of nonselective void spaces between PIM-1 and ZIF-8
in the composite PIM-1/ZIF-8 membrane induces a decrease
of the H,/CH, permselectivity by about 20% compared to the
ideal permselectivity estimated by the application of macro-
scopic model on the data obtained individually for ZIF-8 and
PIM-1. The CGD-MD simulations carried out with an accurate
description of the polymer/MOF interfaces allow the
determination of the magnitude of such a deviation, thus
paving the way for a more critical use of macroscopic models
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to predict the performances of MMMs. This work provides a
first unambiguous proof that interfaces play a crucial role in the
gas transport mechanism in polymer/MOF composites. This
makes questionable the extensive use of macroscopic models
to predict the performances of MMM, since these models do
not take into account either defects at the interface or
interactions between guest molecules in gas mixtures, factors
that have a big impact in the performance of the MMM.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.chemmater.9b04907.

Schematic representation of CGD-MD simulation setup;
CGD-MD-specific parameters used in simulations;
variation of CH, and H, concentrations as a function
of simulation time in the control regions; tuned
Lennard—Jones cross parameters; and permeabilities of
H, and CH, (PDF)

B AUTHOR INFORMATION

Corresponding Author
A. Ozgur Yazaydin — University College London, London,
UK, ® orcid.org/0000-0001-8562-723X;
Email: ozgur.yazaydin@uclac.uk

Other Authors
Aydin Ozcan — University College London, London, UK.
Rocio Semino — Universite de Montpellier, Montpellier
Cedex 0S, France; © orcid.org/0000-0003-3937-7414
Guillaume Maurin — Universite de Montpellier,
Montpellier Cedex 0S, France

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.chemmater.9b04907

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

A.0.Y. acknowledges the support from UCL Global Engage-
ment Fund that helped initiate this collaborative work. The
authors are grateful to the UK Materials and Molecular
Modelling Hub for computational resources, which is partially
funded by EPSRC (EP/P020194/1). The research leading to
these results was partly funded by the European Commission
FP7 Programme under Grant Agreement No. 608490 (project
M4CO,). A.O. has been supported by the Scientific and
Technological Research Council of Turkey (TUBITAK) for
his doctoral study.

B REFERENCES

(1) Sholl, D. S.; Lively, R. P. Seven chemical separations to change
the world. Nature 2016, 532, 435.

(2) Zhou, S.; Wei, Y.; Li, L.,; Duan, Y.; Hou, Q; Zhang, L.; Ding, L.-
X.; Xue, J.; Wang, H.; Caro, ]. Paralyzed membrane: Current-driven
synthesis of a metal-organic framework with sharpened propene/
propane separation. Sci. Adv. 2018, 4, No. 1393.

(3) Ding, L.; Wei, Y.; Li, L.; Zhang, T.; Wang, H.; Xue, J.; Ding, L.-
X; Wang, S; Caro, J; Gogotsi, Y. MXene molecular sieving
membranes for highly efficient gas separation. Nat. Commun. 2018,
9, No. 15S.

1294

(4) Ma, X; Kumar, P.; Mittal, N.; Khlyustova, A.; Daoutidis, P.;
Mkhoyan, K. A.; Tsapatsis, M. Zeolitic imidazolate framework
membranes made by ligand-induced permselectivation. Science 2018,
361, 1008—1011.

(5) Yampolskii, Y.; Freeman, B. Membrane Gas Separation; John
Wiley and Sons Ltd.: Chichester, UK, 2010.

(6) Galizia, M.; Chi, W. S.; Smith, Z. P.; Merkel, T. C.; Baker, R. W.;
Freeman, B. D. 50th anniversary perspective: Polymers and mixed
matrix membranes for gas and vapor separation: A review and
prospective opportunities. Macromolecules 2017, 50, 7809—7843.

(7) Ma, X; Swaidan, R. J.; Wang, Y.; Hsiung, C.-e.; Han, Y.; Pinnauy,
L. Highly compatible hydroxyl-functionalized microporous polyimide-
ZIF-8 mixed matrix membranes for energy efficient propylene/
propane separation. ACS Appl. Nano Mater. 2018, 1, 3541—3547.

(8) Cheng, Y.; Ying, Y.; Japip, S.; Jiang, S. D.; Chung, T. S.; Zhang,
S.; Zhao, D. Advanced porous materials in mixed matrix membranes.
Adv. Mater. 2018, 30, No. 1802401.

(9) Ogieglo, W.; Ghanem, B.; Ma, X.; Wessling, M.; Pinnau, L. High-
pressure CO, sorption in polymers of intrinsic microporosity under
ultrathin film confinement. ACS Appl. Mater. Interfaces 2018, 10,
11369—11376.

(10) Zhang, Y.; Zhang, Y.; Wang, X;; Yu, J; Ding, B. Ultrahigh
Metal—Organic Framework Loading and Flexible Nanofibrous
Membranes for Efficient CO, Capture with Long-Term, Ultrastable
Recyclability. ACS Appl. Mater. Interfaces 2018, 10, 34802—34810.

(11) Genduso, G.; Litwiller, E; Ma, X,; Zampini, S.; Pinnau, L
Mixed-gas sorption in polymers via a new barometric test system:
Sorption and diffusion of CO,—CH, mixtures in polydimethylsiloxane
(PDMS). J. Membr. Sci. 2019, 577, 195—204.

(12) Merkel, T.; Bondar, V.; Nagai, K.; Freeman, B.; Pinnau, 1. Gas
sorption, diffusion, and permeation in poly (dimethylsiloxane). J.
Polym. Sci,, Part B: Polym. Phys. 2000, 38, 415—434.

(13) Smith, Z. P.; Hernandez, G.; Gleason, K. L; Anand, A,
Doherty, C. M.; Konstas, K.; Alvarez, C.; Hill, A. J.; Lozano, A. E;
Paul, D. R; Freeman, B. D. Effect of polymer structure on gas
transport properties of selected aromatic polyimides, polyamides and
TR polymers. J. Membr. Sci. 2015, 493, 766—781.

(14) Li, S; Falconer, J. L; Noble, R. D. Improved SAPO-34
membranes for CO,/CH, separations. Adv. Mater. 2006, 18, 2601—
2603.

(15) Tuan, V. A;; Li, S.; Noble, R. D.; Falconer, J. L. Preparation and
pervaporation properties of a MEL-type zeolite membrane. Chem.
Commun. 2001, 6, 583—584.

(16) Funke, H. H.; Argo, A. M,; Falconer, J. L; Noble, R. D.
Separations of cyclic, branched, and linear hydrocarbon mixtures
through silicalite membranes. Ind. Eng. Chem. Res. 1997, 36, 137—143.

(17) Robeson, L. M. Correlation of separation factor versus
permeability for polymeric membranes. ]. Membr. Sci. 1991, 62,
165—18S.

(18) Robeson, L. M. The upper bound revisited. J. Membr. Sci. 2008,
320, 390—400.

(19) Benzaqui, M. Pillai, R. S.; Sabetghadam, A.; Benoit, V,;
Normand, P.; Marrot, J.; Menguy, N.; Montero, D.; Shepard, W;
Tissot, A.; et al. Revisiting the aluminum trimesate-based MOF (MIL-
96): from structure determination to the processing of mixed matrix
membranes for CO, capture. Chem. Mater. 2017, 29, 10326—10338.

(20) Castarlenas, S.; Téllez, C.; Coronas, J. Gas separation with
mixed matrix membranes obtained from MOF UiO-66-graphite oxide
hybrids. J. Membr. Sci. 2017, 526, 205—211.

(21) Ghalei, B.; Sakurai, K.; Kinoshita, Y.; Wakimoto, K.; Isfahani, A.
P; Song, Q. Doitomi, K; Furukawa, S.; Hirao, H.; Kusuda, H,;
Kitagawa, S.; Sivaniah, E. Enhanced selectivity in mixed matrix
membranes for CO, capture through efficient dispersion of amine-
functionalized MOF nanoparticles. Nat. Energy 2017, 2, No. 17086.

(22) Liu, G.; Chernikova, V.; Liu, Y.; Zhang, K; Belmabkhout, Y.;
Shekhah, O.; Zhang, C; Yi, S.;; Eddaoudi, M.; Koros, W. ]J. Mixed
matrix formulations with MOF molecular sieving for key energy-
intensive separations. Nat. Mater. 2018, 17, 283.

https://dx.doi.org/10.1021/acs.chemmater.9b04907
Chem. Mater. 2020, 32, 1288—1296


https://pubs.acs.org/doi/10.1021/acs.chemmater.9b04907?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b04907/suppl_file/cm9b04907_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="A.+Ozgur+Yazaydin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0001-8562-723X
mailto:ozgur.yazaydin@ucl.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Aydin+Ozcan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rocio+Semino"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0003-3937-7414
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Guillaume+Maurin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.9b04907?ref=pdf
https://dx.doi.org/10.1038/532435a
https://dx.doi.org/10.1038/532435a
https://dx.doi.org/10.1126/sciadv.aau1393
https://dx.doi.org/10.1126/sciadv.aau1393
https://dx.doi.org/10.1126/sciadv.aau1393
https://dx.doi.org/10.1038/s41467-017-02529-6
https://dx.doi.org/10.1038/s41467-017-02529-6
https://dx.doi.org/10.1126/science.aat4123
https://dx.doi.org/10.1126/science.aat4123
https://dx.doi.org/10.1021/acs.macromol.7b01718
https://dx.doi.org/10.1021/acs.macromol.7b01718
https://dx.doi.org/10.1021/acs.macromol.7b01718
https://dx.doi.org/10.1021/acsanm.8b00682
https://dx.doi.org/10.1021/acsanm.8b00682
https://dx.doi.org/10.1021/acsanm.8b00682
https://dx.doi.org/10.1002/adma.201802401
https://dx.doi.org/10.1021/acsami.8b01402
https://dx.doi.org/10.1021/acsami.8b01402
https://dx.doi.org/10.1021/acsami.8b01402
https://dx.doi.org/10.1021/acsami.8b14197
https://dx.doi.org/10.1021/acsami.8b14197
https://dx.doi.org/10.1021/acsami.8b14197
https://dx.doi.org/10.1021/acsami.8b14197
https://dx.doi.org/10.1016/j.memsci.2019.01.046
https://dx.doi.org/10.1016/j.memsci.2019.01.046
https://dx.doi.org/10.1016/j.memsci.2019.01.046
https://dx.doi.org/10.1002/(SICI)1099-0488(20000201)38:3<415::AID-POLB8>3.0.CO;2-Z
https://dx.doi.org/10.1002/(SICI)1099-0488(20000201)38:3<415::AID-POLB8>3.0.CO;2-Z
https://dx.doi.org/10.1016/j.memsci.2015.06.032
https://dx.doi.org/10.1016/j.memsci.2015.06.032
https://dx.doi.org/10.1016/j.memsci.2015.06.032
https://dx.doi.org/10.1002/adma.200601147
https://dx.doi.org/10.1002/adma.200601147
https://dx.doi.org/10.1039/b008547m
https://dx.doi.org/10.1039/b008547m
https://dx.doi.org/10.1021/ie960472f
https://dx.doi.org/10.1021/ie960472f
https://dx.doi.org/10.1016/0376-7388(91)80060-J
https://dx.doi.org/10.1016/0376-7388(91)80060-J
https://dx.doi.org/10.1016/j.memsci.2008.04.030
https://dx.doi.org/10.1021/acs.chemmater.7b03203
https://dx.doi.org/10.1021/acs.chemmater.7b03203
https://dx.doi.org/10.1021/acs.chemmater.7b03203
https://dx.doi.org/10.1016/j.memsci.2016.12.041
https://dx.doi.org/10.1016/j.memsci.2016.12.041
https://dx.doi.org/10.1016/j.memsci.2016.12.041
https://dx.doi.org/10.1038/nenergy.2017.86
https://dx.doi.org/10.1038/nenergy.2017.86
https://dx.doi.org/10.1038/nenergy.2017.86
https://dx.doi.org/10.1038/s41563-017-0013-1
https://dx.doi.org/10.1038/s41563-017-0013-1
https://dx.doi.org/10.1038/s41563-017-0013-1
pubs.acs.org/cm?ref=pdf
https://dx.doi.org/10.1021/acs.chemmater.9b04907?ref=pdf

Chemistry of Materials

pubs.acs.org/cm

(23) Xie, K; Fu, Q; Kim, J.; Lu, H,; He, Y.; Zhao, Q.; Scofield, J.;
Webley, P. A,; Qiao, G. G. Increasing both selectivity and
permeability of mixed-matrix membranes: Sealing the external surface
of porous MOF nanoparticles. J. Membr. Sci. 2017, 535, 350—356.

(24) Semino, R.; Moreton, J.; Ramsahye, N.; Cohen, S.; Maurin, G.
Understanding the origins of metal—organic framework/polymer
compatibility. Chem. Sci. 2018, 9, 315—324.

(25) Zhang, L.; Hu, Z; Jiang, ]. Metal—organic framework/polymer
mixed-matrix membranes for H,/CO, separation: a fully atomistic
simulation study. J. Phys. Chem. C 2012, 116, 19268—19277.

(26) Velioglu, S.; Keskin, S. Simulation of H,/CH, mixture
permeation through MOF membranes using non-equilibrium
molecular dynamics. J. Mater. Chem. A 2019, 7, 2301-2314. )

(27) Altintas, C.; Avci, G.; Daglar, H; Azar, A. N. V,; Erucar, L;
Veliogly, S.; Keskin, S. An Extensive Comparative Analysis of Two
MOF Databases: High-Throughput Screening of Computation-Ready
MOFs for CH, and H, Adsorption. J. Mater. Chem. A 2019, 7, 9593—
9608.

(28) Vinh-Thang, H.; Kaliaguine, S. Predictive models for mixed-
matrix membrane performance: a review. Chem. Rev. 2013, 113,
4980—5028.

(29) Semino, R.; Ramsahye, N. A, Ghoufi, A, Maurin, G.
Microscopic model of the metal—organic framework/polymer inter-
face: a first step toward understanding the compatibility in mixed
matrix membranes. ACS Appl. Mater. Interfaces 2016, 8, 809—819.

(30) Semino, R.; Diirholt, J. P.; Schmid, R.; Maurin, G. Multiscale
Modeling of the HKUST-1/Poly (vinyl alcohol) Interface: From an
Atomistic to a Coarse Graining Approach. J. Phys. Chem. C 2017, 121,
21491-21496.

(31) Ahmad, M. Z.; Navarro, M.; Lhotka, M.; Zornoza, B.; Téllez,
C.; de Vos, W. M,; Benes, N. E.; Konnertz, N. M.; Visser, T.; Semino,
R,; et al. Enhanced gas separation performance of 6FDA-DAM based
mixed matrix membranes by incorporating MOF UiO-66 and its
derivatives. J. Membr. Sci. 2018, 558, 64—77.

(32) Hwang, S.; Semino, R.; Seoane, B.; Zahan, M.; Chmelik, C,;
Valiullin, R.; Bertmer, M.; Haase, J.; Kapteijn, F.; Gascon, J.; et al.
Revealing the Transient Concentration of CO, in a Mixed-Matrix
Membrane by IR Microimaging and Molecular Modeling. Angew.
Chem,, Int. Ed. 2018, 57, 5156—5160.

(33) Ozcan, A; Perego, C.; Salvalaglio, M.; Parrinello, M.; Yazaydin,
O. Concentration gradient driven molecular dynamics: a new method
for simulations of membrane permeation and separation. Chem. Sci.
2017, 8, 3858—386S.

(34) Namsani, S.; Ozcan, A; Yazaydin, A. O. Direct Simulation of
Ternary Mixture Separation in a ZIF-8 Membrane at Molecular Scale.
Adv. Theory Simul. 2019, 2, No. 1900120.

(35) McKeown, N. B.; Budd, P. M.; Msayib, K. J.; Ghanem, B. S.;
Kingston, H. J.; Tattershall, C. E.; Makhseed, S.; Reynolds, K. J;
Fritsch, D. Polymers of intrinsic microporosity (PIMs): bridging the
void between microporous and polymeric materials. Chem. — Eur. J.
2008, 11, 2610—2620.

(36) Park, K. S.; Ni, Z,; Coté, A. P.; Choi, J. Y.; Huang, R.; Uribe-
Romo, F. J; Chae, H. K; O’Keeffe, M.; Yaghi, O. M. Exceptional
chemical and thermal stability of zeolitic imidazolate frameworks.
Proc. Natl. Acad. Sci. U.S.A. 2006, 103, 10186—10191.

(37) Pan, Y; Li, T.; Lestari, G.; Lai, Z. Effective separation of
propylene/propane binary mixtures by ZIF-8 membranes. J. Membr.
Sci. 2012, 390—391, 93—98.

(38) Pan, Y; Liu, Y;; Zeng, G.; Zhao, L.; Lai, Z. Rapid synthesis of
zeolitic imidazolate framework-8 (ZIF-8) nanocrystals in an aqueous
system. Chem. Commun. 2011, 47, 2071—2073.

(39) Gong, X; Wang, Y.; Kuang, T. ZIF-8-Based Membranes for
Carbon Dioxide Capture and Separation. ACS Sustainable Chem. Eng.
2017, S, 11204—11214.

(40) Kwon, H. T.; Jeong, H.-K. In Situ Synthesis of Thin Zeolitic—
Imidazolate Framework ZIF-8 Membranes Exhibiting Exceptionally
High Propylene/Propane Separation. J. Am. Chem. Soc. 2013, 135,
10763—10768.

1295

(41) Liu, D.; Ma, X; Xi, H.; Lin, Y. S. Gas transport properties and
propylene/propane separation characteristics of ZIF-8 membranes. J.
Membr. Sci. 2014, 451, 85—93.

(42) Venna, S. R; Carreon, M. A. Highly Permeable Zeolite
Imidazolate Framework-8 Membranes for CO,/CH, Separation. J.
Am. Chem. Soc. 2010, 132, 76—78.

(43) Wu, T.; Feng, X; Elsaidi, S. K.; Thallapally, P. K.; Carreon, M.
A. Zeolitic Imidazolate Framework-8 (ZIF-8) Membranes for Kr/Xe
Separation. Ind. Eng. Chem. Res. 2017, 56, 1682—1686.

(44) Shen, M.; Keten, S.; Lueptow, R. M. Dynamics of water and
solute transport in polymeric reverse osmosis membranes via
molecular dynamics simulations. J. Membr. Sci. 2016, 506, 95—108.

(45) Harder, E.; Walters, D. E.; Bodnar, Y. D.; Faibish, R. S.; Roux,
B. Molecular dynamics study of a polymeric reverse osmosis
membrane. J. Phys. Chem. B 2009, 113, 10177—10182.

(46) Dutta, R. C.; Bhatia, S. K. Structure and gas transport at the
polymer—zeolite interface: insights from molecular dynamics
simulations. ACS Appl. Mater. Interfaces 2018, 10, 5992—600S.

(47) Abbott, L. J; Hart, K. E; Colina, C. M. Polymatic: a
generalized simulated polymerization algorithm for amorphous
polymers. Theor. Chem. Acc. 2013, 132, No. 1334.

(48) Abbott, L. J.; Colina, C. M. Atomistic structure generation and
gas adsorption simulations of microporous polymer networks.
Macromolecules 2011, 44, 4511—4519.

(49) Frentrup, H,; Hart, K; Colina, C; Miiller, E. In silico
determination of gas permeabilities by non-equilibrium molecular
dynamics: CO, and He through PIM-1. Membranes 2015, 5, 99—119.

(50) Abraham, M.; van der Spoel, D.; Lindahl, E.; Hess, B.; the
GROMACS Development Team. GROMACS User Manual, version
S.1.2; 2016. Abraham, M. J.; Murtola, T.; Schulz, R.; Pall, S.; Smith, J.
C.; Hess, B,; Lindahl, E. GROMACS: High performance molecular
simulations through multi-level parallelism from laptops to super-
computers. SoftwareX 20185, 1, 19.

(51) Tribello, G. A.; Bonomi, M.; Branduardi, D.; Camilloni, C.;
Bussi, G. PLUMED 2: New feathers for an old bird. Comput. Phys.
Commun. 2014, 185, 604—613.

(52) Perego, C.; Salvalaglio, M.; Parrinello, M. Molecular dynamics
simulations of solutions at constant chemical potential. J. Chem. Phys.
2018, 142, No. 144113.

(53) Lemmon, E. W.; McLinden, M. O.; Friend, D. G.
Thermophysical Properties of Fluid Systems. In NIST Chemistry
WebBook, NIST Standard Reference Database Number 69; Linstrom, P.
J; Mallard, W. G., Eds; National Institute of Standards and
Technology: Gaithersburg, MD, https://doi.org/10.18434/T4D303
(retrieved January 3, 2020).

(54) Basconi, J. E.; Shirts, M. R. Effects of temperature control
algorithms on transport properties and kinetics in molecular dynamics
simulations. J. Chem. Theory Comput. 2013, 9, 2887—2899.

(55) Martin, M. G.; Siepmann, J. L. Transferable potentials for phase
equilibria. 1. United-atom description of n-alkanes. J. Phys. Chem. B
1998, 102, 2569—-2577.

(56) Frost, H.; Diiren, T.; Snurr, R. Q. Effects of surface area, free
volume, and heat of adsorption on hydrogen uptake in metal—organic
frameworks. J. Phys. Chem. B 2006, 110, 9565—9570.

(57) Ahn, J.; Chung, W.-J.; Pinnau, L; Song, J.; Du, N.; Robertson,
G. P,; Guiver, M. D. Gas transport behavior of mixed-matrix
membranes composed of silica nanoparticles in a polymer of intrinsic
microporosity (PIM-1). J. Membr. Sci. 2010, 346, 280—287.

(58) Budd, P. M.; Msayib, K. J.; Tattershall, C. E.; Ghanem, B. S,;
Reynolds, K. J; McKeown, N. B, Fritsch, D. Gas separation
membranes from polymers of intrinsic microporosity. J. Membr. Sci.
2008, 251, 263—269.

(59) Bushell, A. F.; Attfield, M. P.; Mason, C. R; Budd, P. M,;
Yampolskii, Y.; Starannikova, L.; Rebrov, A.; Bazzarelli, F.; Bernardo,
P.; Jansen, J. C,; et al. Gas permeation parameters of mixed matrix
membranes based on the polymer of intrinsic microporosity PIM-1
and the zeolitic imidazolate framework ZIF-8. J. Membr. Sci. 2013,
427, 48—62.

https://dx.doi.org/10.1021/acs.chemmater.9b04907
Chem. Mater. 2020, 32, 1288—1296


https://dx.doi.org/10.1016/j.memsci.2017.04.022
https://dx.doi.org/10.1016/j.memsci.2017.04.022
https://dx.doi.org/10.1016/j.memsci.2017.04.022
https://dx.doi.org/10.1039/C7SC04152G
https://dx.doi.org/10.1039/C7SC04152G
https://dx.doi.org/10.1021/jp3067124
https://dx.doi.org/10.1021/jp3067124
https://dx.doi.org/10.1021/jp3067124
https://dx.doi.org/10.1039/C8TA10167A
https://dx.doi.org/10.1039/C8TA10167A
https://dx.doi.org/10.1039/C8TA10167A
https://dx.doi.org/10.1039/C9TA01378D
https://dx.doi.org/10.1039/C9TA01378D
https://dx.doi.org/10.1039/C9TA01378D
https://dx.doi.org/10.1021/cr3003888
https://dx.doi.org/10.1021/cr3003888
https://dx.doi.org/10.1021/acsami.5b10150
https://dx.doi.org/10.1021/acsami.5b10150
https://dx.doi.org/10.1021/acsami.5b10150
https://dx.doi.org/10.1021/acs.jpcc.7b07090
https://dx.doi.org/10.1021/acs.jpcc.7b07090
https://dx.doi.org/10.1021/acs.jpcc.7b07090
https://dx.doi.org/10.1016/j.memsci.2018.04.040
https://dx.doi.org/10.1016/j.memsci.2018.04.040
https://dx.doi.org/10.1016/j.memsci.2018.04.040
https://dx.doi.org/10.1002/anie.201713160
https://dx.doi.org/10.1002/anie.201713160
https://dx.doi.org/10.1039/C6SC04978H
https://dx.doi.org/10.1039/C6SC04978H
https://dx.doi.org/10.1002/adts.201900120
https://dx.doi.org/10.1002/adts.201900120
https://dx.doi.org/10.1002/chem.200400860
https://dx.doi.org/10.1002/chem.200400860
https://dx.doi.org/10.1073/pnas.0602439103
https://dx.doi.org/10.1073/pnas.0602439103
https://dx.doi.org/10.1016/j.memsci.2011.11.024
https://dx.doi.org/10.1016/j.memsci.2011.11.024
https://dx.doi.org/10.1039/c0cc05002d
https://dx.doi.org/10.1039/c0cc05002d
https://dx.doi.org/10.1039/c0cc05002d
https://dx.doi.org/10.1021/acssuschemeng.7b03613
https://dx.doi.org/10.1021/acssuschemeng.7b03613
https://dx.doi.org/10.1021/ja403849c
https://dx.doi.org/10.1021/ja403849c
https://dx.doi.org/10.1021/ja403849c
https://dx.doi.org/10.1016/j.memsci.2013.09.029
https://dx.doi.org/10.1016/j.memsci.2013.09.029
https://dx.doi.org/10.1021/ja909263x
https://dx.doi.org/10.1021/ja909263x
https://dx.doi.org/10.1021/acs.iecr.6b04868
https://dx.doi.org/10.1021/acs.iecr.6b04868
https://dx.doi.org/10.1016/j.memsci.2016.01.051
https://dx.doi.org/10.1016/j.memsci.2016.01.051
https://dx.doi.org/10.1016/j.memsci.2016.01.051
https://dx.doi.org/10.1021/jp902715f
https://dx.doi.org/10.1021/jp902715f
https://dx.doi.org/10.1021/acsami.7b17470
https://dx.doi.org/10.1021/acsami.7b17470
https://dx.doi.org/10.1021/acsami.7b17470
https://dx.doi.org/10.1007/s00214-013-1334-z
https://dx.doi.org/10.1007/s00214-013-1334-z
https://dx.doi.org/10.1007/s00214-013-1334-z
https://dx.doi.org/10.1021/ma200303p
https://dx.doi.org/10.1021/ma200303p
https://dx.doi.org/10.3390/membranes5010099
https://dx.doi.org/10.3390/membranes5010099
https://dx.doi.org/10.3390/membranes5010099
https://dx.doi.org/10.1016/j.softx.2015.06.001
https://dx.doi.org/10.1016/j.softx.2015.06.001
https://dx.doi.org/10.1016/j.softx.2015.06.001
https://dx.doi.org/10.1016/j.cpc.2013.09.018
https://dx.doi.org/10.1063/1.4917200
https://dx.doi.org/10.1063/1.4917200
https://doi.org/10.18434/T4D303
https://dx.doi.org/10.1021/ct400109a
https://dx.doi.org/10.1021/ct400109a
https://dx.doi.org/10.1021/ct400109a
https://dx.doi.org/10.1021/jp972543+
https://dx.doi.org/10.1021/jp972543+
https://dx.doi.org/10.1021/jp060433+
https://dx.doi.org/10.1021/jp060433+
https://dx.doi.org/10.1021/jp060433+
https://dx.doi.org/10.1016/j.memsci.2009.09.047
https://dx.doi.org/10.1016/j.memsci.2009.09.047
https://dx.doi.org/10.1016/j.memsci.2009.09.047
https://dx.doi.org/10.1016/j.memsci.2005.01.009
https://dx.doi.org/10.1016/j.memsci.2005.01.009
https://dx.doi.org/10.1016/j.memsci.2012.09.035
https://dx.doi.org/10.1016/j.memsci.2012.09.035
https://dx.doi.org/10.1016/j.memsci.2012.09.035
pubs.acs.org/cm?ref=pdf
https://dx.doi.org/10.1021/acs.chemmater.9b04907?ref=pdf

Chemistry of Materials

pubs.acs.org/cm

(60) Bux, H.; Liang, F.; Li, Y; Cravillon, J.; Wiebcke, M.; Caro, J.
Zeolitic imidazolate framework membrane with molecular sieving
properties by microwave-assisted solvothermal synthesis. J. Am. Chem.
Soc. 2009, 131, 16000—16001.

(61) McCarthy, M. C.; Varela-Guerrero, V.; Barnett, G. V.; Jeong,
H.-K. Synthesis of zeolitic imidazolate framework films and
membranes with controlled microstructures. Langmuir 2010, 26,
14636—14641.

(62) Pan, Y. Lai, Z. Sharp separation of C,/C; hydrocarbon
mixtures by zeolitic imidazolate framework-8 (ZIF-8) membranes
synthesized in aqueous solutions. Chem. Commun. 2011, 47, 10275—
10277.

(63) Shekhah, O.; Swaidan, R.; Belmabkhout, Y.; Du Plessis, M.;
Jacobs, T.; Barbour, L. J.; Pinnau, I; Eddaoudi, M. The liquid phase
epitaxy approach for the successful construction of ultra-thin and
defect-free ZIF-8 membranes: pure and mixed gas transport study.
Chem. Commun. 2014, 50, 2089—2092.

(64) Staiger, C. L.; Pas, S. J; Hill, A. J; Cornelius, C. J. Gas
separation, free volume distribution, and physical aging of a highly
microporous spirobisindane polymer. Chem. Mater. 2008, 20, 2606—
2608.

(65) Thomas, S.; Pinnau, I; Du, N.; Guiver, M. D. Pure-and mixed-
gas permeation properties of a microporous spirobisindane-based
ladder polymer (PIM-1). J. Membr. Sci. 2009, 333, 125—131.

1296

https://dx.doi.org/10.1021/acs.chemmater.9b04907
Chem. Mater. 2020, 32, 1288—1296


https://dx.doi.org/10.1021/ja907359t
https://dx.doi.org/10.1021/ja907359t
https://dx.doi.org/10.1021/la102409e
https://dx.doi.org/10.1021/la102409e
https://dx.doi.org/10.1039/c1cc14051e
https://dx.doi.org/10.1039/c1cc14051e
https://dx.doi.org/10.1039/c1cc14051e
https://dx.doi.org/10.1039/c3cc47495j
https://dx.doi.org/10.1039/c3cc47495j
https://dx.doi.org/10.1039/c3cc47495j
https://dx.doi.org/10.1021/cm071722t
https://dx.doi.org/10.1021/cm071722t
https://dx.doi.org/10.1021/cm071722t
https://dx.doi.org/10.1016/j.memsci.2009.02.003
https://dx.doi.org/10.1016/j.memsci.2009.02.003
https://dx.doi.org/10.1016/j.memsci.2009.02.003
pubs.acs.org/cm?ref=pdf
https://dx.doi.org/10.1021/acs.chemmater.9b04907?ref=pdf

